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C hloroquine (CQ) and hydroxychloroquine (HCQ) are commonly used in the management of a variety of autoimmune disorders, including in the treatment of rheumatoid arthritis and systemic lupus erythematosus. Despite having fewer systemic side effects in comparison to other medications, CQ and HCQ have been associated with significant retinotoxicity, which can lead to irreversible central visual loss, color vision impairment, and visual field defects. [1] [2] [3] Although the exact pathophysiological mechanisms of retinal toxicity are still not fully understood, HCQ toxicity occurs far more frequently than originally contemplated. It is estimated that 7.5% of patients are affected after 5 years of treatment. 4 The most important risk factors predisposing to the development of HCQ retinopathy are long-term HCQ therapy (duration > 5 years of use), higher doses (>5.0 mg/kg), concomitant renal disorders, and use of tamoxifen. [2] [3] [4] Early detection of CQ retinopathy is vital as the damage can progress even after cessation of the drug due to the slow clearance of the medication from the body. 5, 6 Thus, screening for early retinal toxicity is crucial to detect signs of maculopathy at a ''preclinical phase'' to prevent severe visual loss via early discontinuation of the medication. The American Academy of Ophthalmology recommends routinely performing an ophthalmologic examination and automated threshold visual field testing with a white 10-2 pattern, along with at least one objective imaging modality such as multifocal electroretino-gram (mfERG), fundus autofluorescence (FAF), or spectraldomain optical coherence tomography (SD-OCT). These examinations should be performed at baseline and annually at each visit after 5 years of HCQ use. 7 Recent technological advancements have shown that subtle changes in cellular metabolism in different metabolic conditions can be identified using fluorescence lifetime imaging microscopy (FLIM). 8 Fluorescence lifetime imaging ophthalmoscopy (FLIO), an in vivo FLIM method, is a novel noninvasive imaging modality currently in clinical use to identify and quantify metabolic abnormalities in retinal diseases by imaging lifetimes of endogenous retinal fluorophores. [9] [10] [11] [12] [13] The fluorescence lifetime represents the time span an intrinsic fluorophore spends in a higher energy level following an excitation with a blue laser before returning to its ground level by releasing a photon with a longer emission wavelength.
The aim of this study was to evaluate and characterize retinal fluorescence lifetimes (FLT) using the mean lifetime (Tm) in patients with CQ retinopathy and in patients using HCQ with currently no evidence of toxicity.
METHODS
This prospective case-control study was performed at the ophthalmology outpatient department of the University Hospi-tal in Bern, Switzerland, with the approval of the local ethics committee and in accordance with the Declaration of Helsinki. An informed consent was signed prior to study entry.
For each participant a standardized sequence of investigations was performed including a general ophthalmologic examination with measurement of the best-corrected visual acuity (Snellen chart). 10 Pupils were dilated with tropicamide 0.5% and phenylephrine HCl 2.5%. In both eyes, fundus color images (Zeiss FF 450plus; Zeiss, Oberkochen, Germany), optical coherence tomography (OCT) scans of the macula (Heidelberg Spectralis HRAþOCT; Heidelberg Engineering, Heidelberg, Germany), Octopus 10-2 visual fields, FAF images, and fluorescence lifetime images were obtained. Multifocal electroretinogram (mfERG) was performed in cases with HCQ retinopathy.
The diagnosis of HCQ retinopathy was made if abnormalities were detected on clinical examination, Octopus 10-2 visual fields, multifocal ERG, SD-OCT, and/or FAF. Patients with HCQ retinopathy were separated into early, obvious, and severe cases of toxicity. The early group consisted of eyes with no disruption of the ellipsoid zone (EZ) in the foveal and parafoveal area on SD-OCT. On fundus examination, no or early macular findings were identified. The obvious group comprised eyes presenting the classic parafoveal retinal pigment epithelium (RPE) changes with a disrupted parafoveal EZ on either one or both sides of the fovea, and an intact foveal EZ. The severe group included only eyes with clear foveal and parafoveal EZ disruption.
All patients were selected from patients being treated for rheumatic conditions, such as systemic lupus erythematosus, Sjogren's disease, and rheumatoid arthritis. Clinical data including the daily dose, duration of drug exposure, and a cumulative dose were recorded. Eyes with neovascular agerelated macular degeneration, diabetic retinopathy, significant lens opacities, and other ophthalmic diseases affecting the macula were excluded.
Participants were divided into one of two groups: HCQ retinopathy, or on HCQ therapy without clinical evidence of retinopathy. Each group was compared to a healthy agematched control group with no history of HCQ use.
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Fluorescence Lifetime Imaging Ophthalmoscope
Fluorescence lifetime data were obtained using the fluorescence lifetime imaging ophthalmoscope, based on a Heidelberg retina angiograph (HRA) Spectralis system.
A 473-nm pulsed laser at 80-MHz repetition rate was used to excite retinal autofluorescence. Emitted photons were recorded in a short spectral channel (498-560 nm, SSC) and a long spectral channel (560-720 nm, LSC) using highly sensitive hybrid photon-counting detectors (HPM-100-40; Becker&Hickl, Berlin, Germany), and time-correlated single-photon counting (TCSPC) modules (SPC-150; Becker&Hickl). At least 1000 photons per pixel were recorded within the macular center. To guarantee correct allocation of the detected photons, a built-in infrared scanning laser ophthalmoscope image was used. In addition, the near-infrared image was used to align the FLIO images.
Within the central 308 of the macula, a decay trace was built from the recorded single photons, and a biexponential decay function was calculated using a binning factor of 1. The double-exponential estimate of the fluorescence decay curve calculated a mean decay trace that is characterized by a short (T1) and a long (T2) decay component, along with their relative amplitudes a1 and a2. The mean fluorescence lifetime (Tm) represents the amplitude-weighted mean fluorescence decay time per pixel and wavelength channel, which was determined by the tau values T1 and T2, and the amplitudes a1 and a2. The theories and technical details behind FLIO have been described in more detail in previous publications. [9] [10] [11] [12] [13] 
Analysis of Fluorescence Lifetime Data
The FLIO reader software (ARTORG Center for Biomedical Engineering Research, University of Bern, Switzerland) was used to analyze fluorescence lifetime data.
The short and the long spectral channels were analyzed separately. Retinal autofluorescence lifetimes were quantified within the standard Early Treatment Diabetic Retinopathy Study (ETDRS) grid with the following measurements: central area (diameter [d] ¼ 1 mm), inner ring (d ¼ 3 mm), and outer ring (d ¼ 6 mm). 10 
Analysis of OCT Data
OCT images were analyzed in the foveal and parafoveal region for decreased reflectivity of the EZ, EZ disruption, interdigitation zone (IZ) disruption, RPE disruption, and external limiting membrane (ELM) disruption, as well as thinning of the outer nuclear layer (ONL).
Statistical Analysis
All data are presented as mean 6 standard error of the mean (SEM). Prism GraphPad (Prism 6; GraphPad Software, Inc., La Jolla, CA, USA) was used for statistical analysis. The D'Agostino-Pearson normality test was performed and a t-test was used to compare lifetime values between cohorts. Results were averaged from both eyes in each subject before group statistics were performed. Pearson correlation coefficient was used to analyze the correlation between the continuous variables. P values of less than 0.05 were considered to be statistically significant.
RESULTS
The demographic characteristics and clinical features of the 21 included HCQ patients are shown in Table 1 . All participants were Caucasian, phakic with clear media, and had no concomitant ophthalmic diseases.
Seven patients (14 eyes) showed definite HCQ retinopathy, and 14 patients (28 eyes) were on HCQ treatment but with no 
Fluorescence Lifetimes in Patients With Hydroxychloroquine Retinopathy and Healthy Controls
The fundus of healthy eyes revealed normal fluorescence lifetime patterns with a gradual prolongation of lifetimes from the center outward. Patients with HCQ retinopathy displayed a pericentral ring of prolonged mean fluorescence lifetimes, which varied from a half to a complete ring-shaped lesion. Generally, the disease-specific distinctive fluorescence lifetime changes were more pronounced in the SSC; thus for simplification we focused on the SSC in this study. All patients with clinically diagnosed HCQ retinopathy displayed characteristic disease features in fundus photography, OCT, and FAF imaging (Fig. 1) .
In both healthy controls and patients with HCQ retinopathy, the shortest fluorescence lifetimes were measured within the macular center (Fig. 2) . However, patients with HCQ retinopathy displayed significantly longer mean fluorescence lifetimes within the central subfield of the ETDRS grid compared to control eyes (SSC: 295 6 22 vs. 229 6 15.3 ps, P ¼ 0.002). Furthermore, in patients with HCQ retinopathy, the mean lifetime values Tm within the inner ring of the ETDRS grid were significantly prolonged in comparison to the control subjects (SSC: 374 6 7 vs. 313 6 8 ps, P ¼ 0.0001) ( Table 2) . Thereby, Tm was lengthened by 19.4% in patients with HCQ retinopathy in the SSC. In areas of structurally unaffected retina within the outer ETDRS ring, fluorescence lifetime values in patients with HCQ retinopathy were comparable with those of healthy age-matched controls (P ¼ 0.195). There was no significant difference in lifetime measurements between the right and left eyes (paired t-test, P ¼ 0.8219).
We analyzed differences in autofluorescence lifetimes between healthy participants and patients with HCQ retinopathy at different severity grades. Disease severity was graded as early in 4% of eyes (six), obvious in 50% of eyes (seven), and severe in 7% of eyes (one). In OCT, patients with obvious and severe HCQ retinopathy manifested with a disruption or complete parafoveal loss of ONL, ELM, EZ, and disruption of the underlying RPE layer within the parafoveal region, which corresponded to areas of prolonged mean fluorescence lifetimes. In the severe and obvious cases, a parafoveal concentric ring or crescent ring-shaped area showed a mottled loss of FAF, which correlated to prolonged lifetimes. The typical ''flying saucer'' sign was observed in patients with preservation of the central subfoveal architecture and a perifoveal loss of the outer retinal tissue (Fig. 3) .
In four eyes with early HCQ retinopathy, FLIO demonstrated a subtle perifoveal ring of prolonged lifetimes. Patients were found to have a completely normal fundus exam and FAF; however, OCT demonstrated a minor loosening of the photoreceptor layer with thinning of the ONL (Fig. 4) . The mean retinal thickness of the inner EDTRS ring was significantly reduced in patients with HCQ retinopathy compared to patients currently on therapy, as well as healthy controls (259.5 6 5.9 vs. 341.5 6 5.9, vs. 335.8 6 5.5 lm; both P < 0.0001). The mean retinal thickness showed no significant correlation with mean fluorescence lifetimes (r 2 ¼ 0.189, P ¼ 0.329).
Fluorescence Lifetimes in Patients on Chloroquine Therapy Without Retinopathy
Eyes in the HCQ group without retinopathy showed no specific findings on FAF imaging, and OCT-scan images showed structurally intact photoreceptors and a RPE/Bruch's membrane. Quantitative analysis of mean fluorescence lifetimes revealed no significant difference between patients on HCQ therapy compared to the corresponding area in the control eyes (Fig. 2) . This was observed in both the subgroup receiving HCQ treatment ‡5 years and in the subgroup treated with HCQ <5 years.
The difference between mean retinal thickness of the inner ring in patients on HCQ therapy compared to healthy controls was insignificant (341.5 6 5.9 vs. 338.2 6 5.6 lm; P ¼ 0.155) ( Table 2) .
Cumulative Dose and Mean Fluorescence Lifetimes
Regression analyses were performed to evaluate the correlation between the cumulative dose and the mean fluorescence lifetimes (Fig. 5 ). Mean fluorescence lifetime values within the inner ring of the ETDRS grid in the SSC correlated with the cumulative HCQ dosage (r 2 ¼ 0.35, P ¼ 0.026). In this analysis, in eyes of patients on current HCQ treatment with no clinical evidence of retinopathy, a weak correlation between the cumulative dose and mean fluorescence lifetime values was identified (r 2 ¼ 0.17, P ¼ 0.048). 
Analysis of Individual Fluorescence Lifetime Components
A two-dimensional (2-D) histogram allows in-depth analysis of the amplitude-weighted mean fluorescence lifetime value, Tm, by separately representing its two single components, T1 (short decay component) on the x-axis and T2 (long decay component) on the y-axis.
Thereby, the fovea featured the shortest T1, combined with short T2 values, in all cohorts. The lifetime cloud of areas with photoreceptor atrophy in patients with HCQ retinopathy revealed longer T1 and T2 values than the surrounding retina. In patients currently on HCQ therapy without retinopathy, no differences in the lifetime clouds was observed in comparison to healthy controls. The optic nerve head featured the longest T2 values in all cohorts (Fig. 6 ).
DISCUSSION
Over the past decade, advancements in retinal imaging, histologic studies, and animal experiments have increased our understanding of pathological features of CQ/HCQ retinopathy. However, as clinical changes can be subtle, particularly in early stages of disease, and can lead to irreversible visual impairments, imaging techniques are needed to identify alterations at an earlier stage. Within the field of retinal imaging, FLIO is a relatively novel imaging modality with the ability to identify subtle alterations within the retina, and to provide further information in addition to conventional retinal imaging techniques. [9] [10] [11] 14, 15 The mechanism by which CQ/HCQ causes retinal toxicity is not well established; however, the outer retina, specifically the photoreceptors and RPE, have been proposed to play a major role. [16] [17] [18] Previous studies have shown that both CQ and HCQ may interfere in the visual cycle by inhibiting the uptake activity of an organic anion transporting polypeptide, 1A2 (OATP1A2), found in the RPE. This is in agreement with the proposed accumulation of the medication in ocular tissues, such as the RPE, choroid, ciliary body, and iris, and in the retina. 19 The accumulation of the medication at the level of the RPE may explain why further progression of the retinopathy can occur even after cessation of the drug. 20, 21 Consequently, outer retinal and photoreceptor degeneration with subsequent, secondary deterioration of the RPE may occur, which can be observed on OCT. While it remains unknown why the para-and perifoveal area of photoreceptors are most prone to the toxic effects of HCQ observed clinically and demonstrated in histology, it has been suggested that the difference in concentration between foveal and pericentral cones may be responsible. 22, 23 In this prospective study, we investigated retinal fluorescence lifetimes in 14 eyes of 7 patients with HCQ retinopathy, and in 28 eyes of 14 patients currently on HCQ therapy using autofluorescence FLIO. In our study, patients with HCQ retinopathy displayed characteristic mean fluorescence life-time patterns. Fluorescence lifetime imaging illustrated that the HCQ toxicity localizes in the parafoveal area, in the typical bulls-eye distribution with prolongation of retinal fluorescence lifetimes.
While at early stages in HCQ retinopathy retinal pigment epithelial abnormalities were identified as a fine paracentral ring of prolonged lifetimes, in more advanced cases, the circle of prolonged lifetimes appeared to broaden and become more distinct, which corresponded to the severity of OCT changes.
In early HCQ toxicity, the fine paracentral ring of prolonged lifetimes correlated to loosening of the photoreceptor layer and outer retinal abnormalities including the disruption of the IZ, with or without a disruption of the of EZ. This finding confirms results of a previous study in patients with retinitis pigmentosa, where areas of preserved RPE in the presence of photoreceptor disruption displayed a ring with prolonged fluorescence lifetimes in FLIO. 24 In more obvious and advanced stages of HCQ retinopathy, the distinct ring of prolonged lifetimes was measured within areas of atrophy, which correlated to a diffuse loss of photoreceptors and RPE with an increased transmission of the OCT signal to the choroid. This is in keeping with previous fluorescence lifetime reports of patients with geographic atrophy, Stargardt disease, retinitis pigmentosa, and choroideremia, where prolonged lifetimes were identified within areas of photoreceptor and RPE atrophy. 9, 11, 24 We can only speculate about the provenience of the observed prolonged fluorescence lifetimes. Because areas with long fluorescence lifetimes are congruent with areas of hypoautofluorescence in FAF (Fig. 3) , a contribution of lipofuscin can be excluded. On the other hand, long fluorescence lifetimes may be explained by loss of photoreceptors and a higher contribution of the choroid to observed lifetimes, similarly to what has been described in patients with choroideremia. 25 One possible, but speculative explanation for the short fluorescence lifetimes observed could be the presence of residual visual cycle activity, with or without the generation of visual cycle by-products, within this border zone between the unaffected retina and the RPE atrophy. 26, 27 Plotting individual lifetime components, such as T1 and T2 on the 2-D histogram (Fig. 6 ), allows visualization of specific retinal areas, such as the perifoveal area. In addition, areas with atrophy can be visualized. This tool may be used for quantification of atrophic changes in follow-up examinations and longitudinal studies.
This study had several limitations. Because the general consensus is that HCQ mainly targets the parafovea area, we considered only structural and functional characterization related to the central macular area. 7, 28 However, this may not be applicable for all patients, as numerous reports have confirmed that in Asian populations, for example, a more pericentral retinopathy, extending to the vascular arcades, is observed. 29 As our study population consisted solely of Caucasians of European descent, in which the peripheral phenotype has been documented in only 2% of cases, no significant results bias is expected. 29 Furthermore, as FLIO has been shown to be influenced by opacities in the optical axis, especially in the short spectral channel, we cannot exclude that some of the observed changes in our study were caused by imaging artifacts. Larger cohorts will be required to evaluate characteristic lifetime patterns in patients with HCQ retinop- athy. In addition, to gain further insight into the long-term effects of HCQ therapy in patients with no clinical evidence of retinopathy, a larger population of patients on HCQ for over 5 years will be required. Longitudinal follow-up examinations of the patients currently taking HCQ and further correlation with functional parameters are currently under way to identify markers for disease progression. This study established that HCQ retinopathy displays a characteristic mean fluorescence lifetime pattern. In patients currently on HCQ therapy with no clinical retinopathy, lifetimes were comparable to those of age-matched controls, suggesting that in HCQ retinopathy, FLIO is not yet able to detect metabolic changes before structural damage occurs. However, in this study we established that the FLIO technique in general might be helpful to detect, quantify, and monitor for retinal changes in patients taking HCQ.
